It has been suggested that avian reovirus ¢r3 protein is analogous to al trimer, the mammalian reovirus attachment protein. We have investigated the multimeric nature and cell binding ability of a3 protein.
Introduction
Virus attachment is the first step of viral invasion which leads to the ultimate infection of the host cell. It is generally believed that the attachment, which leads to infection, is a specific process involving the viral attachment protein and specific virus receptor on the host cell membrane (Crowell & Lonberg-Holm, 1986) . Viral attachment proteins have been studied to better define the earliest events in the virus-cell interaction such as cell surface binding and entry into the cytoplasm. Although this protein has been identified and extensively characterized for mammalian reovirus (Schiff & Fie|ds, 1990) , there is no information about avian reovirus protein(s) involved in virus cell binding. It has thus far been hypothesized that a3, also known as a c (Schnitzer et al., 1982) , is the virus attachment protein. This hypothesis was based on the analogy of this protein with al, the mammalian reovirus attachment protein, with respect to localization at the virion surface (Schnitzer et al., 1982) , determination of its coding assignment to S1 genome segment (Schnitzer, 1985; Varela & Benavente, 1994) and its association with type-specific neutralization of the virus (Wickramasinghe et al., 1993 ; Menager et al., 1995; Shapouri et al., 1996) . *Author for correspondence. Fax + 1 514 778 8113. e-mail silima@ere.umontreal.ca
Recently, we attempted to study the structural details of avian reovirus S1 gene and its encoded a3 protein (Shapouri et al., 1995) . As part of this analysis, S1 gene of a vaccine Sl133 strain of the virus was cloned, sequenced and expressed in Escherichia coli. The sequence revealed the presence of three open reading frames (ORFs) with the third ORF located close to 3' end of the gene coding for o-3 protein. We also found that similar to mammalian reovirus o-1 protein (Bassel-Duby et al., 1985; Duncan et al., 1990) , the N-terminal half of a3 protein contains a heptapeptide repeat of hydrophobic residues suggestive of a multimeric nature of the protein. This finding confirms in part the previous hypothesis on the analogy of a3 and al.
In the present work, the evidence for the cell binding capacity of a3 protein onto Vero ceils and the multimeric nature of the protein are presented and discussed.
Methods
Cells, virus and antibodies. Vero and COS-7 cells were grown in medium 199 and Dulbecco's modified Eagle's medium (DMEM) (Gibco) respectively, supplemented with 4% or 10% fetal bovine serum. A vaccine S1133 strain of avian reovirus was propagated in Vero cells and purified as described earlier (Rekik et al., 1990) . Mouse polyclonal antiserum to purified avian reovirus and monoclonal antibody (MAb) IC5 and MAb 3El specific respectively for a2 and a3 outer capsid proteins were produced as reported previously (Shapouri et al., 1996) .
Preparation of E. coli expressed a3 maltose binding pro te#l (a3-MBP).
Expression and purification of a3 fusion protein by pMAL-c2 expression vector (New England Biolabs) and production of specific antiserum was performed as described (Shapouri et al., 1995) . For negative controls, pl7-MBP (Heppell et al., 1995) , the VP5 protein of infectious pancreatic necrosis virus expressed and purified in the same manner as a3-MBP was used.
Expression of a3 protein in mammalian cells. To express a3 protein in mammalian cells, oligonucleotide 5' GCCGGAATTCGGGATGGC-GGGTCTCAATCC 3' forward and 5' GCCGGAATTCGGATGAA-TAACCAATCCCAG 3' reverse primers were synthesized and used for PCR amplification of the third ORF of S1 cDNA (Shapouri et al., 1995) encoding a3 protein. The amplified fragment was subsequently cloned into pCR II vector using a TA cloning kit (Invitrogen) and sequenced in an automated laser fluorescent DNA sequence analyser (Pharmacia). The pCR II vector containing the insert was digested with EcoRI restriction enzyme and the insert was subsequently subcloned into the PcDNA 3 eukaryotic expression vector (Invitrogen). A PcDNA3-a3 construct containing the insert in the correct orientation was used in transfecting COS-7 cells in 6-weU cell culture plates using the calcium phosphate precipitation method (Sambrook et al., 1989) . The expressed ~3 protein was detected by immunofluorescence assay (IFA), immunoblot and radioimmunoprecipitation assay (RIPA) (Shapouri et al., 1996) .
Electrophoresis in non-dissociating conditions. To study the multimeric nature of a3 protein, the mobility of the protein from different sources (including purified virions, transfected COS-7 cells and E. coli) was analysed by SDS-PAGE in non-dissociating conditions (BasselDuby et al., 1987; Banerjea et al., 1988) . Samples from each protein source were mixed with 0.5 vol. of 2 x SDS-PAGE sample buffer (100 mM-Tris-HC1 pH 6.8, 4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.02% bromophenol blue) and incubated at 25, 37 or 60 °C for 15 min or boiled for 5 min before loading onto the gel. The proteins were then transferred onto a nitrocellulose membrane and ~r3 position was determined by MAb 3El or antiserum specific to ~3-MBP.
Cell binding assays using a3-MBP. Purified a3-MBP at a concentration of 0"7 mg/ml was biotin-labelled with a commercial biotinylation kit (Amersham) and used in cell binding assays. Two approaches, monolayer cell binding and ELISA-based binding assays, were used. Monolayer cell binding assay was performed as follows: aliquots of 20 gl of biotin-labelled a3-MBP were diluted 1 : 5 in PBS and mixed with 100 gl of cell culture medium. The mixture was added to Vero cells cultures in 24-well culture plates at a volume of 200 gl/well. After incubation for 1 h at 37 °C with intermittent rocking, the monolayers were washed three times with cell culture medium and once with PBS before lysing with 1% Triton X-100 in PBS. In one experiment, after washing, the cells were scraped off the growing surface and lysed directly in SDS-PAGE sample buffer. The lysates were subjected to SDS PAGE and the proteins were electrophoretically transferred to a nitrocellulose membrane. The membrane was incubated for 1 h with peroxidase-conjugated avidin (Bio-Rad) and developed with chloronaphthol substrate. Additional labelled cr3-MBP binding experiments were performed in the presence of purified avian reovirus particles, excess unlabelled a3-MBP, P17-MBP, MAb 3El or MAb 1C5.
The second approach for studying the cell membrane binding capacity of cr3-MBP was based on ELISA. Highly purified cell membrane fragments prepared as described by Thorn et al. (1977) were used as substrate and biotin-labelled a3-MBP as ligand. Polystyrene plates were coated overnight with 1 gg/well &purified cell membranes in carbonate-bicarbonate coating buffer pH 9-6, at room temperature. The plates were blocked with 1% BSA in the coating buffer for 1 h at room temperature and incubated for 1 h at 37 °C with biotin-labelled a3-MBP. After three washes in PBS containing 0.05% Tween 20 (PBST), the plates were incubated for 1 h, at 37 °C with streptavidinalkaline phosphatase conjugate (Bio-Rad) in PBST. The plates were washed as above and developed for 30 min at room temperature in the dark with enzyme substrate consisting of disodium p-nitrophenyl phosphate (Sigma) in 10 % (w/v) diethanolamine buffer. To show that the binding was specific, further experiments were performed in which the plates were preincubated for 1 h at 37 °C with two-fold serial dilutions of purified virus, unlabelled a3-MBP or P17-MBP in PBST. The effect of MAbs on the binding was also determined by preincubation of labelled ~r3-MBP with MAbs 3El or 1C5 at 37 °C for 15 min before adding to the plate.
Infection inhibition assay with a3-MBP. The ability of G3-MBP to inhibit infection in Vero cells was determined by mixing 20 p.f.u, of Sl133 virus with two-fold serial dilutions of purified protein. The virus-protein mixture was then added to Vero cells in 24-well tissue culture plates. The cultures were incubated for 1 h at 37 °C, washed three times with fresh medium and overlaid with medium containing 1% agarose. The plates were incubated at 37 °C and plaques were counted at 4 days post-infection.
Results

Multimeric nature of or3 protein from various sources
When the samples from purified virions were mixed with sample buffer and incubated at 60 °C or boiled, a3 protein migrated to its normal position corresponding to a molecular mass of approximately 33 kDa ( Fig. 1 a, lanes 3 and 4). However, when the samples were incubated at 25 or 37 °C, the electrophoretic mobility of the protein changed dramatically. The 33 kDa protein was absent in this case and was replaced in stoichiometric amounts by a band migrating at about 70 kDa ( Fig. 1 a, lanes 1 and 2). To determine whether this alteration in the position of a3 was a migration artefact of the viral proteins owing to non-dissociating conditions, after photographing, the same nitrocellulose membrane was treated with a mouse polyclonal serum and the positions of other viral proteins were determined. No difference was detected between the migration of viral proteins in dissociating and non-dissociating conditions except for a3 ( Fig. 1 b) . The difference in electrophoretic mobility of a3 was therefore most likely to be due to a multimeric form of the protein rather than a migration artefact. When the lysates of the virus-infected Vero or COS-7 cells were analysed in non-dissociating conditions by SDS-PAGE and immunoblot using MAb 3E1, a3 protein from the lysates showed the same mobility as the virion-associated protein (not shown).
To determine whether the putative multimerization is intrinsic to o-3 protein and whether it could occur in the absence of other virus-associated proteins, ~3 protein was transitionally expressed in COS-7 cells and analysed by SDS-PAGE and immunoblotting. After showing by IFA and immunoblot that o-3 protein was being produced in transfected cells, the cells were scraped off the growing surface, lysed in SDS-PAGE sample buffer and incubated at 25, 37, 60 or 100 °C. The proteins were then separated by SDS-PAGE and the electrophoretic mo- bility of the expressed ~3 was determined by immunoblot as described above. As previously demonstrated, virionassociated a3 protein migrated with a high molecular mass of 70 kDa in SDS-PAGE when the virions were mixed with sample buffer without boiling. When the COS-7 cell-expressed a3 protein was similarly incubated in sample buffer without boiling, the protein was either absent from its expected position of 33 kDa or showed a marked reduction in staining intensity while at the same time a protein band of approximately 200 kDa appeared ( Fig. 2a, lanes 1 to 3) . Boiling an identical sample resulted in the disappearance of the 200 kDa band and the appearance of ~r3 at its expected position of 33 kDa (Fig. 2 a, lane 4) . Decreasing the incubation temperatures to 4 °C and decreasing the pH of sample buffer to 4-3 had no effect on the mobility of the expressed protein under non-dissociating conditions (data not shown).
A RIPA was performed to analyse the mobility of the expressed or3 protein in the absence of cellular proteins. COS-7 cells were incubated in methionine-free DMEM, containing 50 gCi/ml [aSS]methionine (Amersham), at 24h post-transfection. After labelling for 2h, the medium was removed and the cells were washed twice with PBS and lysed in RIPA buffer (50 mM-Tris-HC1 pH 7.4, 150 mM-NaC1, 1% sodium deoxycholate, 1% Triton X-100). RIPA was carried out using MAb 3El, as described previously (Shapouri et al., 1996) , with a minor modification in which in the last step, the elution was performed in a mildly acidic citrate buffer without boiling. The eluate was dialysed against PBS overnight at 4 °C and subjected to SDS-PAGE in non-dissociating conditions. The results showed that the 200 kDa protein was again present in the non-boiled samples whereas upon boiling, this protein was not present (Fig. 2 b) . The amount of the monomeric form of o-3 (33 kDa) was inversely proportional to that of the 200 kDa protein.
Contrary to the results obtained in immunoblot, in RIPA the monomeric form of the protein was not only detected at higher temperatures but also at 25 °C. This was probably due to the effect of the RIPA buffer on the stability of the multimeric form of the protein, or otherwise to the sensitivity of the assay. Samples of purified E. coli expressed a3-MBP were also subjected to SDS-PAGE under non-dissociating conditions and immunoblot as described in order to determine its multimeric nature. At all the temperatures the protein migrated essentially to the same position as its monomeric form (77 kDa). However, when the samples were incubated at 25 or 37 °C before electrophoresis, some slow migrating bands, probably corresponding to multimeric forms of a3-MBP and its degradation products, were observed (Fig. 3) . pl7-MBP used as control always showed an electrophoretic mobility corresponding to monomeric form (data not shown).
Cell binding capacity of the a3-MBP fusion protein
The results of labelled a3-MBP binding to monolayer cells, illustrated in Fig. 4 , showed that the cells incubated with biotin-labelled a3-MBP (lane 1) contained protein bands which migrated to a3-MBP position of 77 kDa, whereas in untreated cells (lane 7), the protein was not observed, indicating its binding to cells. To show that such binding was specific and cell receptor mediated, we performed similar binding studies on Vero cells in the presence of a 20-fold excess of unlabelled a3-MBP and avian reovirus particles. The binding efficiency of labelled a3-MBP to Vero cells was drastically reduced by competition with unlabelled a3-MBP (lane 3) or virus particles (lane 2), thus confirming that the binding was specific and receptor mediated. To eliminate the possibility that the binding was due to the MBP portion and not to a3, a heterologous MBP-containing fusion protein, pl7-MBP, and a a3-specific MAb (3El) were used to block the binding process. The results showed that P17-MBP had no blocking effect on the binding of a3-MBP (lane 4) whereas MAb 3El completely abolished the binding (lane 5). Control MAb 1C5 specific to a2 did not inhibit any binding of the protein to cells (lane 6). It was therefore concluded that a3-MBP binds specifically to cells by its a3 end. The results of labelled a 3 -M B P binding by ELISA, demonstrated in Fig. 5 (a) , also showed that the binding of the protein to purified cell m e m b r a n e s occurred. The rate of binding varied inversely according to the dose of purified virions or unlabelled cr3-MBP (Fig. 5b) . Prei n c u b a t i o n of biotin-labelled ~r3-MBP with M A b 3El also reduced the b i n d i n g rate, whereas M A b 1C5 did not show any similar effect (Fig. 5 c) . E L I S A b i n d i n g assay thus confirmed the results obtained by the first approach and allowed us to compare quantitatively the inhibitory effect of the virus compared to that of unlabelled ~r3-MBP. W h e n used at the same protein c o n c e n t r a t i o n per ml, the purified virions inhibited the binding more efficiently than unlabelled cr3-MBP.
Cell binding property of cr3-MBP is related to its muttimeric form
A l t h o u g h we were able to show the binding property of a 3 -M B P protein to cells, it was unclear as to whether the m o n o m e r i c or multimeric form of the protein is the binding form. To demonstrate the multimeric nature of the cell-bound protein, the b o u n d protein was analysed by S D S -P A G E in non-dissociating conditions. The results presented in Fig. 6 contained a higher amount of multimer than monomer. This suggests that upon adding to cells, the multimeric form of the protein is preferentially selected by cellular receptors and indicates the importance of multimerization in the functional role of the protein.
Infection inhibition assay
The infection inhibition assay was performed to demonstrate that the virus-cell binding is mediated by a3 protein and can be inhibited by a3-MBP. The experiments in Vero cells (Fig. 7) showed that the infection as measured by virus titre in monolayer cell cultures could be reduced by up to 65 % when 40 lag per well of purified a3-MBP was used. Adding higher amounts of protein up to a maximum of 160 lag did not reduce the virus titre any further. When pl7-MBP was used as control in the same amounts as a3-MBP, a non-significant plaque reduction of about 20 % was observed.
Discussion
Based on location in the virion, coding assignment to the S1 segment and being the target for type-specific neutralizing antibodies, it has been suggested that avian reovirus a3 protein is analogous to mammalian reovirus al attachment protein (Schnitzer et al., 1982; Schnitzer, 1985; Wickramasinghe et al., 1993; Varela & Benavente, 1994; Menager et al., 1995; Shapouri et al., 1996) . In agreement with this suggestion, sequence analysis of avian reovirus S 1 segment (Shapouri et al., 1995) revealed the presence of a heptad repeat region previously reported for mammalian o-1 (Bassel-Duby et al., 1985; Duncan et al., 1990) , in the N-terminal half of o-3 protein. This structural pattern is primarily responsible for oligomerization of al and its incorporation into the virion (Leone et al., 1991 a, b) . The similarity between the two proteins prompted us to examine the potential multimeric nature and cell binding capacity of a3 protein.
When the electrophoretic mobility of a3 protein from various sources was analysed by SDS-PAGE in nondissociating conditions, a3 protein was shown to migrate at higher molecular mass than 33 kDa, thus indicating its multimeric nature. Virion-associated protein migrated to a position of 70 kDa whereas COS-7 cell-expressed protein showed a molecular mass of at least 200 kDa. This behaviour may be a consequence of further multimerization or a conformational modification of the expressed a3 protein which caused its slow migration in the gel. The latter hypothesis has been shown to be true for mammalian al (Strong et al., 1991) .
As demonstrated by electron microscopic studies, al has a lollipop-shaped structure with a fibrous tail topped by a globular head (Furlong et al., 1988; Banerjea et al., 1988; Fraser et al., 1990) . Information from sequence analysis and biochemical and biophysical studies provided evidence that the globular head and the fibrous tail represent respectively the C-and N-terminal portion of al (Strong et al., 1991) . It was further shown that al is a trimer and that the N-and C-terminal halves each harbour an independently active trimerization domain (Leone et al., 1992) . Despite its trimeric nature, which should give the protein an estimated molecular mass of 150 kDa, the first studies on multimerization of al revealed that under non-dissociating conditions, the protein migrates at a position corresponding to approximately 200 kDa or higher. For this reason, al was originally suggested to be in a tetrameric form (BasselDuby et aI., 1987; Banerjea et al., 1988) . As described by Strong et al. (1991) this anomaly in the migration of al trimer in the gel correlated to the low stability of the trimeric C-terminal portion at the pre-electrophoresis incubation temperature of 37 °C or higher. At these temperatures, the dissociation of the trimeric C-terminal portion results in the generation of a slow migrating hydra-like structure in which the stalk represents the trimeric, rod-shaped N-terminal half, and the tentacles represent the three dissociated and unfolded C-terminal strands. They subsequently showed that a simple downshift of incubation temperature to 22 °C or lower, inhibited the generation of the hydra structure and caused the intact al to shift from > 200 kDa to 150 kDa, an expected position for a trimeric form of the protein.
Although the morphology of a3 protein has not been studied so far, in an attempt to change the mobility of the expressed protein in non-dissociating conditions to a position similar to that of the virion associated a3, we studied the effects of decreased incubation temperatures and pH of SDS-PAGE sample buffer. In none of these conditions did the expressed protein show a similar mobility to that of the virion-associated a3 (data not shown). This observation is different from that described for mammalian reovirus. The mobility difference between virus-associated and expressed a3 protein also suggests that virus-associated factor(s) may control the multimerization of o3.
To study the cell binding capacity of a3 protein, we focused on utilizing the E. coli expressed o-3 fusion protein. The choice of o3-MBP was made based on the fact that a3 is a minor viral protein and is synthesized in only small amounts in infected cells. Unfortunately, because of cytotoxicity of o-3 for COS-7 cells (Theophilos et al., 1995) , we were not able to select stably transfected COS-7 cells to produce a high quantity of the protein needed for the study. Moreover, the finding that some of a3-MBP was in multimeric form suggested that this protein, as reported for E. coli-expressed mammalian al (Masri et al., 1986) , may be functionally active. This was indeed found to be the case. The results presented here demonstrate that the multimeric form of a3-MBP binds specifically to cell membrane, and that purified virions and a a3-specific MAb inhibit the binding process. Furthermore, as determined by a reverse experiment, a3-MBP was also able to reduce the viral p.f.u, in monolayer cell cultures. More evidence indicating that a3 protein is involved in virus-cell binding comes from our unpublished results on identification of a natural deletion in S1 gene. We observed that due to an internal deletion in the third ORF, the cell binding ability of S1 deletion mutant was lower than that of the wild-type as demonstrated by the number of p.f.u./~tg of purified virus. These findings confirm for the first time the previous suggestions that a3 plays a role in the attachment of avian reovirus to cells. The incomplete inhibition of virus infection by a3-MBP protein and the fact that the deletion in S1 gene reduced the virus infectivity without ablating it, implies that other viral protein(s) may be involved in attachment.
In summary, we have presented evidence that a3 protein of avian reovirus is a multimer in its undisrupted form. We have also shown that E. coli expressed o-3 is able to bind specifically to host cells indicating the role of the protein in virus cell binding. It is noteworthy that other attachment proteins such as the haemagglutinin of influenza virus Wiley et al., 1981) , the G protein of vesicular stomatitis virus (Doms et al., 1987; Kreis & Lodish, 1986) , the adenovirus fibre (van Ostrum et al., 1987; Devaux et al., 1990) , the gpl20 human immunodeficiency virus protein (Weiss et al., 1990) and the coronavirus spike protein (Delmas & Laude, 1990) have been shown to be in multimeric form. This suggests that multimerization is necessary for structural stability of the virus attachment protein and/or is a functional requirement in the virus attachment process.
